In this work the influence of aqueous sulfur passivation on the surface of n-type (100) GaSb single crystals has been studied through low-temperature photoluminescence (PL) characterization. The samples were passivated at different times using aqueous solutions of sodium sulfide. PL spectroscopy was used to determinate the optimum time of sulfur passivation, through the measurement of the PL intensity for the different passivation times. For the samples measured, the PL spectra show the presence of two emission bands, whose intensity and energy position change for the different passivation times of the GaSb samples. According to the PL results, a passivation surface treatment of 6 min shows the highest PL intensity spectrum.
Introduction
The development of GaSb-based semiconductor materials has been the subject of a wide research effort because of the great potential they have for the fabrication of optoelectronic devices in the near-infrared portion of the spectrum, such as lasers, photodetectors, solar cells and high-efficiency thermophotovoltaic cells, among others [1] .
Semiconductor compounds based on GaSb are very promising for infrared applications, since when GaSb crystals are used as substrates for devices, it is possible to have the lattice match of III-V ternary and quaternary solid solutions covering the optical range from 0.8 to 4.3 µm [1] . Surface preparation of the substrate is a critical issue in the fabrication and optimization of devices. As it is well known, device efficiency strongly depends on the interface quality, such as defect-free abrupt interfaces which are built with planar surfaces free of oxides and defects. Interfaces with a high density of defects degrade very fast and are responsible for leak currents. GaSb is highly reactive at room temperature and easily oxidizes in the presence of atmospheric oxygen producing native oxides such as Sb 2 O 3 and Ga 2 O 3 . This increases the growth of an elemental antimony monolayer which is responsible for a drastic increase in the surface recombination velocity and the leak current. These could limit the semiconductor device performance [2] [3] . The passivation process should result in a semiconductor surface less chemically active with a reduced density of recombination centers with decreasing activity [4] . Several wet and dry passivation methods have been studied to improve the GaSb surface characteristics [5] [6] . Wet passivation techniques offer the advantages of being a simple and economical method in which we can control the etching speed through the temperature and reactant density. Sulfur wet passivation on the GaSb surface opens new possibilities for the development of optoelectronic devices fabricated using liquid phase epitaxy and molecular beam epitaxy growth methods [4] [7] .
In this work, we have studied the passivation process of the GaSb single crystals using a solution of sodium sulfide (Na 2 S:9H 2 O) using different immersion times. The effect of different treatment times of the GaSb surface on the surface recombination velocity was investigated using low-temperature photoluminescence (PL) spectroscopy. By measuring the PL intensity change as a function of the aqueous treatment times we can optimize the sulfur passivation time.
Experimental Procedure
Experiments were performed on n-type (100) GaSb single crystals doped with Te at concentrations of around 5 × 10 17 cm −3 . GaSb crystals were degreased using boiling acetone and methanol solutions and rinsed in cold methanol. Native oxides and organic residues were eliminated by immersing them in sulfuric acid (H 2 SO 4 ), hydrofluoric acid (HF) and finally in hydrochloric acid (HCl). After each step, samples were rinsed in methanol instead of the usual deionized water rinsing. This cleaning procedure method was applied to all samples under study. After the initial cleaning process, a series of GaSb crystals were immersed in an aqueous solution of sodium sulfide (Na 2 S:9H 2 O) with M = 1.0 (pH∼13.9) for different times in the range 0 to 15 minutes. This was in order to find out, through the use of PL, the optimal passivation time which minimizes the surface recombination velocity. Low temperature PL measurements for the different samples treated at different passivation times were performed by placing the sample in the cold finger of a He-closed cycle cryostat to record PL spectra at a temperature of 20 K. As the exciting source, we used the 488 nm-line of an Ar + ion laser with a nominal power of 50 mW chopped at a frequency of 83 Hz. PL signal was focused to the slit entrance of an Acton monochromator and detected with an InSb infrared detector EG & G Judson cooled at liquid nitrogen temperature. Signal was amplified by a lock-in (SRS-SR850) and finally the PL spectrum was displayed in a PC computer through a LabView software, as shown in Figure 1 . 
Results and Discussion
In Figure 2 we show the photoluminescence spectra measured at 20 K for samples subjected to immersion in the Na 2 S aqueous solution with a pH of about 13.9 for times of 0, 2, 4, 6, 9 and 15 minutes, respectively. Comparing the PL spectra shown in Figure 2 , we can observe that the intensity and the peak position of the bands change for the passivated samples. PL signal intensity is 7 times higher than the PL intensity for the untreated sample, and it has a shift to higher energies of around 15 meV. The highest PL intensity occurs for the GaSb sample corresponding to a passivation time of 6 min, and it has a peak centered at 692 meV. The passivation process involves two competitive mechanisms: a layer-by-layer etching and the formation of the passivation coating; for short passivation times the native oxides are removed and the surface recombination velocity is reduced. For longer passivation times the etching of the surface create more surface states which are responsible for a decrease in the PL efficiency. The PL spectra show that for a 6-min passivation time we obtain an optimal surface, and that increasing Na 2 S treatment produces a non-monotonic etching-passivation process, as has been reported before [7] .
The PL intensity depends strongly on the non-radiative surface recombination; when the sample is excited by the Ar + ion laser light, there is a production of electron-hole pairs near to the surface. The pairs can be radiatively recombined if we have a passivated surface which has a significant reduction in the trap density, in such a way that there is an increase in the luminescence efficiency. We also observe that the PL emission bands are assymetric, and that they can be de-convoluted into two bands, one with energy peak in the range between 690 and 700 meV, and the other one with energy peak between 720 and 740 meV.
In Figure 3 we show the variation in the peak energy of the PL spectra obtained by a Gaussian de-convolution of the PL spectra for the different passivation times. The low energy PL band (A) is associated to a deep acceptor levels; whereas the high energy PL band (B) is related to recombination involving ionized residual acceptors levels [8]- [10] . As the passivation time increases, the peak energy of the transition A shows a blue-shift from 688 meV until its stabilization around 694 meV. The opposite effect is observed for the PL band B, associated to ionized residual acceptors, which shifts to lower energies when the passivation time increases, changing from around 716 meV until its stabilization around 701 meV. After a passivation time of 6 min, we do not observe a significant shift in the peak energy of both emission bands.
In order to compare the relative contribution of the PL signal for each one of the two transitions, the PL spectra were normalized. In Figure 4 we show the evolution in the emission efficiency for transitions A and B as a function of the passivation time. We can observe two behaviors: for the B transition associated to ionized residual acceptors there is a gradual increase in the efficiency and becomes dominant after 6 min, reaching a saturation. An opposite behavior is observed for the those transitions associated to deep acceptors, their efficiency decreases as the passivation time increases, becoming one order of magnitude smaller than transition B. 
Conclusion
In summary, we have presented the study of the passivation of GaSb single crystal substrates using an aqueous solution of Na 2 S as a function of the immersion time. From the study of the variation of the PL intensity we optimized the immersion time of the sample in the solution. The PL intensity for the sample treated for 6 min was 7 times higher than the untreated sample. The PL spectra as a function of the passivation time show two main transitions: one has a blue-shift from about 688 meV up to 694 meV, and the other transition shows a red-shift from about 716 meV down to 701 meV. Finally we described the variation as a function of the passivation time of the relative contribution to the PL intensity of the different transitions involved in the passivation process.
